
CrossMark 

click for updates 


TFE and Spt4/5 open and close the RNA polymerase 
clamp during the transcription cycle 


Sarah Schulz 3 , Andreas Gietl 3 , Katherine Smollett b , Philip Tinnefeld acd , Finn Werner 6,1 , and Dina Grohmann 


a,1,2 


a Physikalische und Theoretische Chemie-NanoBioSciences, Technische Universitat Braunschweig, 38106 Braunschweig, Germany; b RNA Polymerase 
Laboratory, Institute of Structural and Molecular Biology, Division of Biosciences, University College London, London WC1E 6BT, United Kingdom; 
c Braunschweig Integrated Centre of Systems Biology (BRICS), Technische Universitat Braunschweig, 38106 Braunschweig, Germany; and laboratory for 
Emerging Nanometrology (LENA), Technische Universitat Braunschweig, 38106 Braunschweig, Germany 


Edited by E. Peter Geiduschek, University of California, San Diego, La Jolla, CA, and approved February 11, 2016 (received for review August 10, 2015) 


Transcription is an intrinsically dynamic process and requires the 
coordinated interplay of RNA polymerases (RNAPs) with nucleic acids 
and transcription factors. Classical structural biology techniques have 
revealed detailed snapshots of a subset of conformational states of the 
RNAP as they exist in crystals. A detailed view of the conformational 
space sampled by the RNAP and the molecular mechanisms of the 
basal transcription factors E (TFE) and Spt4/5 through conformational 
constraints has remained elusive. We monitored the conformational 
changes of the flexible clamp of the RNAP by combining a fluorescently 
labeled recombinant 12-subunit RNAP system with single-molecule 
FRET measurements. We measured and compared the distances across 
the DNA binding channel of the archaeal RNAP. Our results show that 
the transition of the closed to the open initiation complex, which occurs 
concomitant with DNA melting, is coordinated with an opening of the 
RNAP clamp that is stimulated by TFE. We show that the clamp in 
elongation complexes is modulated by the nontemplate strand and 
by the processivity factor Spt4/5, both of which stimulate transcription 
processivity. Taken together, our results reveal an intricate network of 
interactions within transcription complexes between RNAP, transcrip¬ 
tion factors, and nucleic acids that allosterically modulate the RNAP 
during the transcription cycle. 
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R NA polymerases (RNAPs) are at the heart of the transcription 
machinery and catalyze the synthesis of RNA in a DNA- 
dependent fashion. This intrinsically dynamic and highly regulated 
process can be divided into the initiation, elongation, and termination 
phases of transcription (1, 2). Variations in structures of different 
RNAPs have suggested that the RNAP clamp is a structurally mobile 
element that can adopt different degrees of closure over the DNA/ 
RNA hybrid and the DNA binding channel (Fig. 1). Crystal struc¬ 
tures of the complete 12-subunit Saccharomyces cerevisiae RNAPII 
(3, 4) and of the cognate transcription elongation complex (5-7) 
reveal the clamp in a closed state, with a concomitant narrowing of 
the DNA binding channel. By comparison, the clamp of a 10-subunit 
S. cerevisiae RNAPII that lacks the stalk consisting of subunits Rpb4/7 
(8) is in an open state. Electron microscopy analysis of free RNAPII 
in solution further supported the notion of a conformational flexible 
clamp, suggesting that Rpb4/7 shifts the equilibrium between the 
closed and collapsed state of the clamp to the closed state (9). 
Moreover, the clamp of RNAPIII could recently be imaged in two 
distinct conformations that differ in the orientation of the stalk and 
the opening of the DNA cleft (10). These data have led to the theory 
that the stalk influences the clamp position. The archaeal RNAP is 
highly homologous to eukaryotic RNAPII, and X-ray structures show 
that the clamp adopts a closed conformation in the RNAPs of 
crenarchaea Sulfolobus shibatae and Sulfolobus solfataricus, whereas it 
is open in the RNAP of the euryarchaeon Thermococcus kodakar- 
ensis , all of which include the stalk (11, 12). A comparison of cryo- 
EM structures of the human initiation complexes also provides evi¬ 
dence that the clamp undergoes an opening-closing movement during 
initiation (13). The 4-subunit RNAP in bacteria is equivalent to the 
catalytic core of the 12-subunit enzymes in archaea and eukaryotes 
(1). It contains a clamp domain that is structurally not constrained by 


subunits such as the Rpo4/7 stalk, which is not present in bacteria. 
Single-molecule FRET studies of the bacterial RNAP have shown 
that the clamp closes during late initiation phase and remains closed 
in elongation complexes (14), whereas it is likely to partially open 
during pausing and termination. 

The RNAP clamp provides binding sites for the transcription 
initiation factor TFE (homologous to TFIIEa) and the elongation 
factor Spt4/5, both of which bind competitively to the clamp coiled 
coil motif (15-17) of archaeal-eukaryotic RNAPs. TFE facilitates 
open complex formation by interacting with the RNAP clamp and 
stalk and the nontemplate strand (NTS) (15,18). The transcription 
elongation factor Spt4/5 bridges the gap across the DNA binding 
channel and stabilizes the elongation complex by preventing its 
dissociation, thereby stimulating the processivity of RNAP (15, 19, 
20). Both the binding of TFE and Spt4/5 to RNAP and their 
modus operandi have been speculated to involve and depend on a 
repositioning of the clamp. In fact, much has been speculated 
about the involvement of the RNAP clamp during transcription 
initiation (13), elongation (21), pausing (22), and termination (23), 
but its impact on the movement of the clamp is mostly inferred 
from crystal structures and merits a much more careful study to 
elucidate the state of the clamp in solution. The conformation of 
the clamp in archaeal and eukaryotic RNAPs has only been 
captured in X-ray structures that are static by nature. In this 
paper, we overcome this limitation by combining a double- 
fluorescently labeled RNAP from the hyperthermophilic 
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Fig. 1. Accessing the conformation of the RNA polymerase clamp in solution using single-molecule FRET. Structure of the 12-subunit archaeal RNA poly¬ 
merase with a (A) closed and ( B ) open clamp (Protein Data Bank ID codes 2PMZ and 4QIW, respectively). For FRET measurement, a donor (DyLight550) and 
acceptor (DyLight650) fluorophore were incorporated at the tip of the RNA polymerase clamp coiled coil (subunit RpoV E257 , highlighted in green) and the 
protrusion domain (subunit Rpo2" Q373 , highlighted in red). For site-specific labeling the unnatural amino acid p-azidophenylalanine was incorporated at 
these sites followed by subsequent labeling via Staudinger-Bertozzi ligation. For immobilization purposes a biotin was coupled to a native cysteine in subunit 
Rpol 1. Subunit coloring is as follows: RpoV in dark gray, Rpo2" in beige, Rpol 1 in yellow, Rpo4 in purple, and Rpo7 in blue. (C) The Coomassie 10% SDS/PAGE 
shows the four large subunits (Left) and the fluorescence scan (Right) of a fully assembled RNAP after purification and demonstrates the specific labeling of 
subunit RpoV and Rpo2" with the donor or acceptor dye, respectively. (D) Conformation of the 12-subunit RNA polymerase clamp in the absence of nucleic 
acid substrates. Biotinylated RNAPs (symbolized by black sphere protruding from the RNAP core) were immobilized on a quartz slide (gray) for TIRF mea¬ 
surements. Histograms show FRET efficiencies determined for the 12-subunit RNAP (RNAP wt). The histogram was fitted with a double Gaussian function and 
the mean FRET efficiencies, E, the percentage distribution of the populations. A, and the coefficient of determination, R 2 , are given with SEs in the histo¬ 
grams. (E) Exemplary transients of an immobilized RNA polymerase show stable donor and acceptor fluorescence with no indication of multiple switching 
FRET states over several seconds and the resulting FRET transient until bleaching of the acceptor occurs (25 ms). Fluorescence transients were recorded using a 
TIRF microscopy setup with alternating laser excitation. 
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methanogen Methanocaldococcus jannaschii with single-molecule 
FRET measurements. This approach allowed us to characterize 
the conformational states of the clamp in solution in the context 
of transcription initiation and elongation complexes and to un¬ 
ravel the allosteric modulation of RNAP by TFE and Spt4/5. 

Results 

Experimental Design. To determine the state of the RNAP clamp, 
we labeled the RNAP with a donor and acceptor fluorophore at the 
clamp’s coiled coil tip and at the protrusion domain of the second 
largest subunit Rpo2" located opposite the clamp across the 
DNA binding channel (Fig. 1 A and B ). The archaeal RNAP from 
M. jannaschii (MjRNAP) is composed of 12 subunits like its 
RNAPII counterpart. However, the large subunits Rpbl and 
Rpb2 are split into Rpol'/Rpol" and Rpo27Rpo2", and the small 
eukaryotic subunits Rpb8 and Rpb9 are missing in the MjRNAP. 
The labeling of RNAP with dyes was achieved via Staudinger- 
Bertozzi ligation (24, 25) between the unnatural amino acid p-azido- 
L-phenylalanine (AzF) incorporated into recombinant RNAP 
subunits and a phosphine derivative of the donor and acceptor 
fluorophore (26, 27). For immobilization, a biotin moiety was 
incorporated into the Rpoll subunit. RNAPs were assembled 
from the 12 subunits resulting in single-, double-, or triple-labeled 
RNAP variants (15, 28-30) (Fig. 1C). The labeled RNAPs were 
shown to respond to transcription factors and form transcription- 
competent RNAPs (Fig. SI). Labeled RNAPs were incubated 
with the respective transcription factors, nucleic acids, and/or 
nucleoside triphosphates (NTPs) at 65 °C to allow transcription 
complex formation (15, 19, 29, 31-33). The FRET efficiency 
between the donor and acceptor dye was measured at room 
temperature (21 °C) using a PRISM total internal reflection 
fluorescence (TIRF) microscope with alternating laser excitation 
(ALEX), which allowed us to spectroscopically select and analyze 
the complexes that contain both donor and acceptor dyes (34). In 
all configurations, we monitored stable fluorescence without any 
indication for dynamic changes in FRET efficiency until one of the 
dyes underwent photobleaching (Fig. IE). The dyes did not in¬ 
fluence the FRET efficiency, as samples with switched fluorescent 
probes showed no difference to the standard dye configuration 
(Fig. S2 B). Neither did the direct immobilization of the RNAP via 
a biotin affect the conformation of the RNAP (Fig. S2C). 

The RNAP Exhibits a Predominantly Closed Clamp. We first investi¬ 
gated the conformation of the clamp of the “free” RNAP, i.e., 
not bound to nucleic acids, transcription factors, or substrates. 
The 12-subunit RNAP (RNAP wt) shows two populations: a 
major high FRET population (82 ±4%) with a FRET efficiency 
( E) of 0.67 ± 0.03 and a minor low FRET population (18 ± 3%) 
at a FRET efficiency of 0.40 ± 0.03 (Fig. ID). These data suggest 
that the clamp can adopt a closed and open conformation, re¬ 
spectively. Changes in FRET are a result of an altered interdye 
distance that, in principle, could also be caused by a pivoting 
motion of the core and shelf modules of the RNAP (35, 36). 
Please note that we refer to an open and closed state of the 
clamp if a low and high FRET population is present, which refers 
to the conformational state of the clamp and is not identical to 
the clamp states defined in crystal structures. We calculated the 
equivalent interdye distance to 4.7 and 5.7 nm (Materials and 
Methods). The distance between the labeled amino acids in the 
crenarchaeal RNAP structure is 4.5 nm, in good agreement with 
our solution data (37). We did not observe an interconversion 
between these two states in our measurements. However, it ap¬ 
pears likely that dynamic switching occurs at the biological rel¬ 
evant temperature of 86 °C of the hyperthermophilic model 
organism. Due to the thermal instability of the immobilization 
and complex photophysical dye behavior, this idea could not be 
confirmed by measurements at higher temperature. 


A comparison of X-ray structures suggest that the yeast RPB4/7 
stalk biases the clamp toward the closed position. We prepared 
RNAP variants without the stalk subunits Rpo4/7. (RNAP ARpo4/7) 
and found two populations with mean FRET efficiencies of 
0.37 ± 0.03 (26 ± 4%) and 0.66 ± 0.01 (74 ± 5%) (Fig. S3 B). The 
slight shift toward the low FRET population indicates that the 
presence of the stalk slightly influences the conformation of 
the clamp, and statistical analysis using the Pearson x 2 test sup¬ 
ported the fact that the difference between the dataset is statisti¬ 
cally relevant (Fig. S3 B and E). To further verify that the small 
Rpo4/7-induced shift toward the low FRET population is real, we 
added Rpo4/7 to a ARpo4/6/7 RNAP lacking the Rpo6 docking 
site required for Rpo4/7 binding (29, 38) and observed no com¬ 
parable shift (Fig. S3). 

In conclusion, we observed that the clamp of the unliganded 
RNAP adopts two conformational states with the majority of the 
molecules found in the closed clamp state. 

TFE Opens the RNAP Clamp in the PIC. In archaea, two general 
factors, TATA-binding protein (TBP) and transcription factor B 
(TFB in archaea and TFIIB in eukaryotes), are necessary and 
sufficient to facilitate a basal level of transcription. Recruitment 
of the RNAP to the DNA-TBP-TFB complex leads to the for¬ 
mation of the preinitiation complex (PIC), the promoter DNA is 
melted, and the template strand is loaded into the active site of 
the RNAP, which is collectively referred to as open complex 
formation. This process is not very efficient but is stimulated by a 
third factor, TFE (TFIIEa) (15, 18, 31). It has not been possible 
to crystallize the open PIC for structure determination. How¬ 
ever, single-molecule FRET mapping and cryo-EM approaches 
have provided high-confidence models of the PIC in archaea and 
eukaryotes (13, 33, 39). To characterize the conformational state 
of the RNAP clamp in the context of closed and open complexes, 
we assembled PICs using recombinant TBP, TFB, and RNAP on 
promoter templates that were either complementary (homoduplex, 
closed) or contained a short region of noncomplementarity (het¬ 
eroduplex, open) proximal to the transcription start site (TSS) 
(Fig. 2A). The formation of both PICs is strictly dependent on 
TBP and TFB (Fig. SI). Permanganate footprinting experiments 
ascertained that the short region (4 bp) of noncomplementarity 
inherent in the oligonucleotide template is extended to form a 
complete transcription bubble. The exact bubble boundaries 
differ between promoters (40). In permanganate assays, the 
signal is dependent on the presence of T-residues in the pro¬ 
moter template and on the SSV1 T6 promoter the transcription 
bubble ranges at least from -12 to -1 (Fig. 2 F). 

Single-molecule FRET measurements demonstrate that the 
RNAP clamp in the PICs exists in two populations with mean 
FRET efficiencies of 0.40 ± 0.01 and 0.63 ± 0.01. This result 
demonstrates that the RNAP clamp in the PICs, similar to free 
RNAP, can adopt two conformational states (Fig. 2 B-D). A com¬ 
parison of PICs assembled on homoduplex and heteroduplex 
templates demonstrates that the (pre)melting of the promoter shifts 
the equilibrium toward the open clamp state from 13 ± 3% to 56 ± 
2% (Fig. 2 B and D). This result suggests that concomitant with 
DNA melting the RNAP clamp is opened. It is interesting to note 
that Rpo4/7 does not alter the relative distribution between the two 
populations nor the mean FRET efficiencies (E = 0.40 ± 0.01 and 
E = 0.62) (Fig. S4). This result implies that the tight interaction net¬ 
work between RNAP, TBP, TFB, and DNA overrides the effect of 
the stalk and controls the clamp conformation. TFE in archaea and 
TFIIE in the eukaryotic pol II system stabilizes the PIC and stim¬ 
ulates transcription by promoting DNA melting (13, 15, 16, 18, 39, 
41, 42). TFE is composed of winged helix (WH) and zinc ribbon 
domains that are anchored to the RNAP clamp and stalk domains: 
these binding sites are ideally suited to manipulate clamp move¬ 
ments. In our experiments, the addition of TFE depopulates the 
high FRET state and increases the low FRET population (+25%), 
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Fig. 2. Conformation of the RNA polymerase clamp in transcription initiation. (A) PICs were assembled by incubating transcription initiation factors TBP 
(orange), TFB (green), and a SSV T6 promoter DNA with a heteroduplex region of 4 bp surrounding the transcription start site (-3 to +1) or a fully com¬ 
plementary SSV T6 promoter DNA variant (homdoduplex) at 65 °C before measurement. The single transcription start site in residue +1 is highlighted in red; 
the BRE and TATA motifs are boxed. Complexes were formed using the doubly labeled RNAP wt. PICs were immobilized via a biotinylated template strand on 
a quartz glass slide (gray) for TIRF measurements. ( B-D ) Histograms showing the smFRET efficiencies determined for the PIC in the absence (B and D) and 
presence (C and E) of TFE (purple) (TFE was included in the PIC assembly reaction and incubated at 65 °C to allow complex formation). (F) Permanganate 
footprinting assay of the closed and open SSV T6 preinitiation complexes (Materials and Methods). The G+A marker lane allows orientation of the bands on 
the sequence in A. Using homoduplex templates, no permanganate reactivity was observed, congruent with the complexes predominantly being in the closed 
confirmation. In the heteroduplex promoter variant, the thymidine (T) residue at position -1 is located within the single-stranded region of the promoter and 
is permanganate reactive without any addition of TBP and TFB (lane 7, indicated with -1). The addition of TBP, TFB (lane 8) leads to two new reactive T 
residues at position -5 and -7 that reflect RNAP-directed transcription bubble formation. Addition of TFE gives rise to a new signal at register -12 (lane 9). 
The addition of nucleotides (NTPs) does not lead to additional signals. 
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showing that TFE favors the opening of the RNAP clamp (Fig. 2 C 
and E ). Notably, the width of the low FRET population is very 
narrow, indicative of a structurally highly defined state. The 
RNAP ARpo4/7 variant serves as negative control for the au¬ 
thenticity of TFE-induced clamp opening, because this variant 
cannot recruit TFE (15, 28), and the addition of TFE to ARpo4/ 
7-based PICs does not lead to any significant change in main 
FRET efficiency values or the relative distribution between the 
two populations (Fig. S4). 

In essence, both premelting of the promoter template (from 
13% to 56% low FRET state without TFE) and TFE action (13- 
38% on homoduplex promoter) shift the equilibrium toward the 
open clamp state; the maximum effect is achieved by the com¬ 
bined action of TFE and the premelted promoter DNA (13-67%). 

Spt4/5 and the Nontemplate Promoter Strand Affect the RNAP Clamp. 

Having characterized the RNAP clamp state in free and pro¬ 
moter-bound RNAP, we next interrogated transcription elon¬ 
gation complexes (TECs). We assembled TECs using synthetic 
scaffolds made of the DNA template strand (TS), nontemplate 
strand (NTS), and an RNA primer. The formation of TECs was 
strictly dependent on the RNA primer, which is important to rule 
out that the RNAPs are engaged with the DNA template at its 
termini. Reminiscent of free RNAP and PICs, the TECs revealed 
two FRET populations centered at mean FRET efficiencies of a 
low FRET state of E = 0.51 ± 0.01 and a high FRET state of E = 
0.66 ± 0.02 (Fig. 3 A). It is important to note that the exact FRET 
values (and distances) are not identical to the two clamp states in 
free and promoter-bound RNAP. This difference in FRET values 
is likely due to structural adjustments of RNAP by TBP and TFB 
in the PICs. Bulk transcription assays have demonstrated the role 
of the elongation factor Spt4/5, the NTS, and the RNAP Rpo4/7 
stalk for facilitating high transcription processivity (19, 32). To 
characterize the influence of Spt4/5 and the NTS on the RNAP 
clamp conformation, we added them to or omitted them from the 
TEC and recorded FRET efficiencies of the resulting complexes. 
The addition of Spt4/5 had a profound effect on the clamp as it 
abolished the high FRET state almost entirely (12% remaining in 
the high FRET population), i.e., fixed the clamp in a single state 
(Fig. 3, compare A and D). In contrast, omitting the NTS lead to 
the complete loss of the low FRET state, i.e., fixed the clamp in 
the alternative state. Because Spt4/5 and NTS are critical for high 
processivity in transcription assays, and both coincide with the low 
FRET state (E = 0.51) in our analysis, we infer that this low FRET 
open clamp state reflects a highly processive/active conformation 
of the RNAP in the context of the TEC. The Rpo4/7 stalk in¬ 
teracts with the nascent transcript and stimulates processivity (32). 
However, in line with the free and promoter-bound RNAP, the 
stalk did not lead to any changes of the clamp in the TEC or the 
relative distribution between the populations (Fig. S5), irre¬ 
spective of the length of the RNA (Fig. S 5E). 

The Binding of Nucleotide Substrates and Analogs Affects the RNAP 
Clamp. All complexes described above were recorded in the ab¬ 
sence of NTP substrates. To test the influence of NTP binding on 
the conformation of the RNAP clamp, we added either the correct 
NTP that is complementary to +1 register in the TS, a mismatched 
NTP, or a nonhydrolyzable NTP analog (AMPcPP) to the TEC. 
The correct NTP abolished the high FRET population almost 
entirely (Fig. 4 B) —i.e., 86% of the molecules adopt a conforma¬ 
tion with low FRET efficiency (E = 0.48 ± 0.01)—that we in¬ 
terpret as clamp state directly comparable to the state induced by 
Spt4/5 or the NTS (E = 0.53 ± 0.01 and 0.51 ± 0.01), the proc- 
essive elongation state. The fact that NTP incorporation leads to a 
quantitative change in the two populations serves as an internal 
control for the ability of RNAP to respond faithfully to substrates, 
and, in effect, ascertains correct folding of the in vitro re¬ 
constituted and fluorescently labeled RNAP complexes. The 
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Fig. 3. Conformation of the RNA polymerase clamp in transcription elon¬ 
gation. (A) Doubly labeled RNAP wt was specifically recruited to elongation 
scaffolds composed of double-stranded DNA with a 9-bp RNA/DNA hetero¬ 
duplex to form an artificial transcription bubble. TECs were assembled at 
65 °C before immobilization via a biotinylated NTS. ( B ) TECs were formed in 
the absence of the NTS and immobilization was achieved via a biotin on the 
template strand (TS). (C) FRET efficiency distribution for TECs containing the 
transcription elongation factor Spt4/5 (Spt4/5 was added to the TEC assembly 
reaction and incubated at 65 °C before immobilization of the TEC). 


NTP-induced effect is dependent on precise Watson-Crick 
base-pairing because a mismatched nucleotide did not elicit 
the same response (Fig. 4C). The change is independent of the 
sequence context because it could be observed using different 
scaffold sequences (Fig. S6). A nonhydrolyzable nucleotide 
analog (AMPcPP) also shifts the equilibrium toward the low 
FRET population (E = 0.52 ± 0.01, +19%), which suggests 
that the binding of the nucleotide in the active center—rather 
than phosphodiester bond formation—triggers a conformational 
change that is translated to the RNAP clamp (Fig. AD). 

Discussion 

Our results show that the RNAP clamp of the 12-subunit M. jannaschii 
RNAP can adopt closed and open conformations in response to 
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Fig. 4. Conformation of the RNA polymerase clamp in transcription elon¬ 
gation in the presence of nucleotides. Transcription elongation complexes 
were assembled as described in Fig. 3 with doubly labeled RNAP wt (A) in the 
presence of nucleotides ( B-D, the respective nucleotides were incubated 
with the TEC at 65 °C before immobilization of the TEC via the NTS). The 
RNA sequence was varied to test different nucleotides. In all cases, a 9-bp 
transcription bubble is formed despite the variation in RNA sequence. 
Shown is part of the standard elongation scaffold with the transcription 
bubble and the next correct nucleotide to be incorporated is either an ATP 
(B) or an UTP (C). Addition of a mismatched nucleotide (C) results in a FRET 
distribution with two populations comparable to the distribution of mole¬ 
cules determined for TECs in the absence of a nucleotide. TECs formed in the 
presence of a correct nucleotide ( B ) or a nonhydrolyzable nucleotide analog 
(D) exhibit only a minor high FRET population. 


(/) DNA melting, (ii) binding of the initiation factor TFE in the 
PIC, (iii) binding of the elongation factor Spt4/5 and the NTS in 
the TEC, and (tv) binding of the correct NTP substrate in the 
RNAP active center. Cryo-EM and X-ray crystallography that 
portray the RNAP, the PIC and EC strongly suggest that the 
opening and narrowing of the DNA binding channel is a conse¬ 
quence of the open-to-closed movement of the RNAP clamp. 
Several alternative mechanistic models for these conformational 
changes can be envisaged including a simple hinged movement of 
the clamp and a pivoting of the shelf and core modules; our 
measurements demonstrate that movements do occur but we 
cannot currently exclude any of these models (35, 36). 

The Free RNAP Is Predominantly in a Conformational State with a 
Narrow DNA Cleft. The free RNAP exists in two conformational 
states with the majority of the molecules found in a conformation 
with a very narrow DNA binding channel most likely due to a 
collapsed clamp (14). Inclusion of the Rpo4/7 stalk biases the 
distribution toward the collapsed state but no complete shift to 
the high FRET population was observed. In contrast to yeast 
RNAPII, X-ray structures of distinct archaeal RNAPs show that 
the clamp can adopt both closed and open conformations, 
whereas the Rpo4/7 stalk remains incorporated into the core 
enzyme (11, 12). Our data confirm that these structural clamp > 
states exist in solution. Given the experimental conditions, we £ 
are confident that the vast majority of RNAP molecules contains i 
the stalk (38); however, the low FRET state might reflect a g 
minor subpopulation of core RNAP lacking Rpo4/7. Due to the 5 
absence of DNA, the clamp can close completely over the DNA 
binding channel resulting in this collapsed state. In analogy to 
the bacterial system, we term this state of free RNAP the col¬ 
lapsed state (E = 0.62). 

DNA Melting Correlates with Clamp Opening. Once the RNAP is 
recruited and bound to the promoter in a TBP- and TFB- 
dependent manner, the clamp can adopt conformational states with 
a narrow (E = 0.63) and widened (E = 0.40) DNA cleft, most 
likely as a result of a closed and open clamp. We interpret these 
two states as closed complexes, i.e., the DNA strands have not 
been separated yet, and open complexes, i.e., the template strand 
has been loaded into the active center, respectively. Dynamic 
loading, a flipping of the DNA in and out of the DNA binding 
channel, has been demonstrated for a minimal eukaryotic PIC 
(43). In our experiments, the equilibrium between the two states 
is shifted toward the open clamp conformation by using DNA 
templates that mimic the melted state corresponding to open 
promoter complexes. Even though we do not see switching be¬ 
tween the open and closed states in our single-molecule FRET 
traces, it is likely that dynamic switching occurs at the biological 
relevant temperature of our hyperthermophilic model organism 
(optimal growth temperature at 86 °C). Single-molecule mea¬ 
surements at elevated temperatures, however, did not yield 
interpretable FRET traces due to the temperature-dependent 
complex photophysical behavior of the dyes. Measurements at 
room temperature might represent a “trapped” or “frozen” clamp 
of an otherwise dynamic process. Thermodynamically, the transi¬ 
tion from a heteroduplex DNA containing a 4-bp mismatch to a 
fully melted (~12 bp) transcription bubble is more favorable 
compared with the de novo 12-bp melting of homoduplex DNA, 
and this is reflected in the distribution of the FRET populations. 

In archaea, DNA melting is a spontaneous process that is stimu¬ 
lated by TFE but does not necessitate ATP hydrolysis and TFIIH- 
like helicase/translocase activities (31). In our setup, TFE-like 
artificial promoter melting favors the open RNAP clamp state, an 
observation that is supported by a recent EM study of the human 
PIC where loading of the DNA into the RNAP coincides with 
clamp opening (13). Archaeal TFE, eukaryotic TFIIE, and the 
paralogous RNAPI subunit A49 interact with single-stranded 
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DNA (42, 44^6), and all are located proximal to or above the 
DNA binding channel (13,15,16, 35, 39, 47-49). We propose that 
TFE-like factors operate via two mechanisms: (/) they act as al¬ 
losteric effectors by favoring RNAP clamp opening and (w) si¬ 
multaneously tether the nontemplate strand in the PIC. The 
outcome is a stimulation of DNA melting and stabilization of the 
PIC, both of which have been demonstrated using biochemical 
and functional assays. 

Processive and Nonprocessive Transcription Elongation Complexes. In 

the context of TEC, the M. jannaschii RNAP clamp adopts two 
states (E = 0.66 and 0.51). X-ray structures of eukaryotic and 
bacterial TECs show the RNAP clamp in a closed conformation 
(5, 6, 50, 51), which is likely to correspond to the E = 0.51 pop¬ 
ulation in our measurements. The inclusion of the NTS in the 
TEC, the addition of Spt4/5, and the addition of the correct nu¬ 
cleotide eliminates the high FRET state almost entirely (14% of 
the molecules remaining in the high FRET population). Because a 
wealth of biochemical experiments have demonstrated that both 
Spt4/5 and the NTS improve the processivity of M. jannaschii 
RNAP (32, 52), it is tempting to speculate that there is a causal 
relationship between the low FRET state (E = 0.51) and the 
highly processive form of the RNAP TEC. This result implies that 
although the NTS is not strictly required for transcription, its 
presence in the TEC leads to conformational changes of the 
RNAP clamp that result in an increase in processivity. Spt4/5 and 
its homolog NusG sit astride the DNA binding channel of RNAP 
(12, 15, 53, 54), and the present data confirm that factor binding 
repositions the clamp. Interestingly, the correct, but not mis¬ 
matched, NTP substrates induce the same allosteric response of 
the clamp; this effect only requires binding and not catalysis be¬ 
cause a nonhydrolyzable NTP analog also elicits the clamp change. 
These results show that substrate binding in the active site triggers 
an allosteric communication that is translated a considerable dis¬ 
tances to the RNAP clamp. What is the function of processive and 
nonprocessive conformations of RNAP in the TEC? We propose 
that these alternative states could provide a target for regulation 
and/or be part of the molecular mechanism that facilitates effi¬ 
cient TEC dissociation during termination. In bacteria, gene ex¬ 
pression is abundantly regulated by promoting pausing (55-57) or 
overcoming it (54, 58), and the opening of the RNAP clamp has 
been predicted to precede termination (23). 

What Are the Exact Conformational Changes of the RNAP? Recent 
single-molecule data of RNAPII revealed that transition from 
the pretranslocated to a 1-bp backtracked state is thermody¬ 
namically favored (59). The -1 backtracked state is energetically 
neutral or even favorable as the first backtracked residue forms 
stacking interactions with a tyrosine in Rpb2 (60, 61). In addi¬ 
tion, a transiently arrested TEC was demonstrated at register -6 
(62); importantly, both convert into productive TECs on addition 
of nucleotides (62). It is conceivable that the high FRET state 
(E = 0.66) in our system represents a transiently arrested or -1 
backtracked state. The addition of a correct nucleotide and sub¬ 
sequent incorporation allows the transition to an active TEC 
(E = 0.51; Fig. 4). Early models have suggested that the clamp 
hinges in and out via the switch motifs orthogonal to the di¬ 
rection of transcription (14, 63, 64). However, recent structural 
models have suggested that the conformational changes are 
more sophisticated than that (35, 36, 65); a widening of the cleft 
can alternatively be achieved by a pivoting motion of the two 
large RNAP subunits against each other. In the bacterial RNAP, 
a rotation of the core and shelf modules is induced by regulatory 
effectors such as Gfhl that act via the NTP entry channel (36, 
66). X-ray structures of a dimeric catalytically inactive state of 
eukaryotic RNA pol I show an expanded cleft, which distorts the 
active site and inhibits catalysis (35). Our experimental setup was 
designed to provide a single distance measurement across the 


DNA binding channel and the changes during the progression of 
RNAP through the transcription cycle; but, it is problematic to 
distinguish between the two different conformational models: the 
hinge and pivoting models. Future experiments using a wider 
range of derivatization positions will address this question. Our 
results show for the first time, to our knowledge, that the clamp 
of complex pol II-like enzymes undergoes conformational changes 
during its progression through the transcription cycle, in response 
to the binding of (/) initiation factor TFE and (ii) elongation 
factor Spt4/5 and (iii) the nucleic acid context of transcription 
initiation and elongation complexes (Fig. 5 and Fig. S7). 

Materials and Methods 

Synthetic Oligonucleotides. To mimic the different stages of the transcrip¬ 
tion cycle, suitable nucleic acid constructs were used (SI Materials and 
Methods). The oligonucleotides for the preinitiation complex consisted of 
a 110-nucleotide (nt)-long double-stranded DNA that contained the strong 
Sulfolobus spindle-shaped virus 1 (SSV) T6 gene promoter (31, 67). PICs were 
formed using either a promoter DNA heteroduplex that contained a 4-bp 
mismatch around the TSS [leading to open PIC formation (33) or a fully com¬ 
plementary promoter DNA (mimicking the closed PIC)]. The TS and NTS were 
incubated in a 1:1 molar ratio for 6 s at 95 °C and slowly cooled down to 4 °C. 
The TS carried a biotin at its 3' end facilitating immobilization of the PIC. The 
elongation scaffold consisted of 83-nt-long double-stranded DNA with a pre¬ 
formed transcription bubble. A complementary RNA strand was annealed 
matching the template strand sequence in the transcription bubble. Depending 
on the experiment, either a short (14 nt) or long (35 nt) RNA was used. The DNA 
strands and the RNA primer were incubated in a 1.6:1:8 (NTS:TS:RNA) molar 
ratio for 6 s at 95 °C and slowly cooled down to 4 °C to promote annealing. 
Depending on the experiment, a biotin was coupled to either the NTS (attached 
to the 3'end) or the TS (attached to the 5'end) for surface immobilization. 
Oligonucleotides were purchased from IBA, MWG, or Sigma-Aldrich. 

Proteins. Unlabeled transcription factors TBP, TFB, TFE, and Spt4/5 from 
M. jannaschii were produced as described previously (15, 19, 29, 31). 

Permanganate Footprinting Assay. The DNA template encoding the SSV 
T6 promoter was prepared by annealing 5'- 32 P-labeled NTS (592: 5'-GATTGATA 
G AGT AAAGTTTAAATACTT ATAT AG AT AG AGTAT AG AT AG AG G GTT CAAAAAA 
TGGTT-3) and unlabeled TS (593: 5' - A ACCATTTTTT G A ACCCT CT AT CT ATACTC 
T AT CT AT AT AAGTATTT AAACTTT ACT CT AT CT ATC-3' for homoduplex; 600: 
5 -AACCATTTTTT G AACCCT CCG CTT AT ACT CT AT CT AT AT AAGTATTT AAACT 
TT ACT CT AT CT ATC-3' for hetero-duplex). 

For the footprinting reactions, the components were combined in 23-|iL 
reactions containing lx HNME buffer [40 mM Hepes, (pH 7.3), 250 mM NaCI, 
2.5 mM MgCI, 0.02 mM EDTA, and 1% glycerol], 8.3 nM template DNA, 
0.14 |iM RNAP, 2 |iM TBP, 0.4 |iM TFB, 1.2 ^iM TFE, and 30 \iW\ NTP mix. The 
reaction was incubated at 65 °C for 15 min, followed by a 2-min incubation 
with 2 |iL 16 mM KMn0 4 and stopped with 1.5 |il_ 14 M (3-mercaptoethanol. 
Protein was digested by addition of 0.25% SDS and 1 mg/mL proteinase 
K and incubation at 65 °C for 1 h. DNA was ethanol precipitated before 
treatment with 5% piperidine at 90 °C for 30 min, followed by one round of 
chloroform extraction and subsequent ethanol precipitation. To prepare the 
A+G ladder, the DNA was treated with formic acid for 5 min before DNA 
precipitation and piperidine treatment as described above. DNA was sepa¬ 
rated on 10% urea PAGE, exposed to a phosphor storage screen, and visu¬ 
alized on a Typhoon FLA 9500 bioimager. 

Preparation of RNAP Derivatives. Subunits Rpol' and Rpo2" of the archaeal 
RNAP were expressed, purified, and labeled as described in ref. 15. Rpoll 
was expressed in BL21(DE3)/Rosetta cells by inducing exponentially growing 
cultures with 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) at an op¬ 
tical density of 0.6-0.8. After induction, cultures were grown for 4 h at 37 °C. 
Bacterial cells were harvested (6,000 x g, 20 min), and the soluble fraction was 
extracted in P300 buffer (200 mM Tris/acetate, pH 7.9, 100 mM Mg Ac, 0.1 mM 
ZnS0 4 , 300 mM KAc, and 10% glycerol). Cells were lysed using sonication. 
Recombinant and heat stable Rpol 1 could further be prepurified using a heat 
denaturation step (65 °C for 20 min). The heat-stable protein was precipitated 
with saturating amounts of ammonium sulfate followed by a centrifugation 
step (18,000 x g, 30 min). The precipitated protein was resuspended in P300/ 
0.05% (3-mercaptoethanol and further purified by size exclusion chromatography 
(HiPrep-Sephacryl, S100 16/60; GE Healthcare). Rpol 1-containing fractions 
were combined and subsequently further purified by ion exchange 
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Fig. 5. Model depicting the status of the archaeal RNA polymerase clamp at different stages of the transcription cycle. Single-molecule FRET measurements 
reveal the conformational space sampled by the RNAP clamp (for an overview of all clamp states see Fig. S7 and Tables SI and S2). Different conformational states 
of the clamp that can be distinguished by the different mean FRET efficiencies, E, determined in this study are colored in red, green, orange, and blue. TBP is 
depicted in yellow, TFB in gray, TFE in purple, and Spt4/5 in dark and light brown. Green and red arrows represent productive and nonproductive pathways in the 
transcription cycle, respectively. In the free RNAP, the clamp completely closes over the binding channel resulting in a collapsed state. In the preinitiation complex 
RNAP can adopt two conformational states, termed open and closed PIC states. Transcription initiation factor TFE induces an opening of the clamp thereby 
stabilizing the open initiation complex with the template strand loaded into the active site. In the absence of TFE, the clamp is closed, and the template DNA is 
presumably not completely loaded into the RNAP resulting in a closed clamp state. Progression into the elongation phase of transcription results in a confor¬ 
mational change that leads to a closure of the clamp as seen in crystal structures of the TEC. However, a second conformational state is possible that reflects a less 
processive and presumably backtracked state of the RNAP (termed nonprocessive state). Addition of the elongation factor Spt4/5 and elongation of the RNA 
induced by nucleotide addition induce the transition to the closed TEC conformation that is characterized by high processivity. Termination of transcription is a 
state that cannot be mimicked in our model system but most likely requires the opening of the clamp for RNA strand release to commence. 


chromatography (MonoQ 4.6/100 PE; GE Healthcare) using a gradient from 
50 mM Tris, pH 7.5, and 50 mM NaCI to 50 mM Tris, pH 7.5, and 1 M NaCI. 
The labeling reaction was carried out using a 10-fold molar excess of biotin- 
maleimide (ThermoScientific) at 4 °C for 16 h, and the reaction was stopped 
by the addition of 0.5% (3-mercaptoethanol. Subsequently, Rpoll was combined 
with Rpo3 (molar ratio of 1:2 and denaturation of the proteins was reached by 
addition of 6 M urea). Dimerization of subunits Rpo3 and Rpol 1 to form a stable 
heterodimer was achieved by stepwise dialysis of the sample to a urea-free 
buffer. Recombinant RNAP containing the modified subunits was reconstituted 
as described previously (29). Typical dye labeling efficiencies for Rpol' and Rpo2" 
are 10-20%, resulting in a fraction of 1-4% of doubly labeled RNAPs. 

Transcription Complex Preparation. PIC complexes were assembled by in¬ 
cubating 0.13 \iW\ promoter DNA, 5 |iM TBP, 5 [iW\ TFB, 0.1 |iM RNAP, 6.7 mM 
DTT, and 0.07 mg/mL BSA in lx TMNE buffer (40 mM Tris/HCI, pH 7.3, 
250 mM sodium chloride, 2.5 mM magnesium chloride, 0.1 mM EDTA, and 
5% glycerol) at 65 °C for 15 min (31, 33). To measure the PIC in the presence 
of the third basal transcription factor TFE, 15 \iW\ TFE was added to the PIC 
and further incubated at 65 °C for 10 min (15, 33). 


EC complexes were formed by incubating 0.1 |iM labeled RNAP with 3 [iW\ of 
the elongation scaffold and 6.7 mM DTT and 0.07 mg/mL BSA in lx TMNE 
buffer (32). To measure the influence of the elongation factor Spt4/5 or NTPs 
on the RNAP clamp position, 20 |iM Spt4/5 was added to the EC and further 
incubated for 10 min at 65 °C (15, 19). To reduce unspecific binding of the 
RNAP to the DNA, 0.8 mg/mL heparin was added to the PIC or TEC mixture and 
incubated for another 10 min at 65 °C before addition of TFE, Spt4/5, or NTPs. 

Determination of the Forster Radius. For the donor-acceptor pair DyLight550 
and DyLight650, the Forster radius R 0 was determined by calculating the 
overlap integrals from recorded donor emission spectra (excitation wave¬ 
length of 550 nm) and acceptor absorption spectra. Using the normalized 
spectra, the overlap integral was determined with the following equation: 

J{X) = J F D {X)sx{X)^dX, 

o 

with F d (X) = normalized donor emission spectrum, ex(X) = extinction co¬ 
efficient of the acceptor, and A = wavelength. 
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The Forster radius was further calculated using the formula 
Ro = \/8.8 • 10- 28 mol -k 1 2 3 4 5 6 7 8 9 10 11 ■ O d • J ■ n~\ 

with k 2 = 2/3, n = 1.33, O d = quantum yield of the donor, and J is the 
overlap integral. 

The quantum yield of DyLight550 was calculated using ATT0532 as a 
reference and was determined to be 0.14. The Forster radius of the 
DyLight550-DyLight650 pair was calculated as 5.2 nm. 

Rotational mobility of the dyes was checked using anisotropy measure¬ 
ments as published in Grohmann et al. (15). Addition of TFE and Spt4/5 to the 
labeled RNAPs did not lead to a change in anisotropy. 

Surface Preparation. Studies on immobilized molecules using a widefield 
setup were carried out on a polyethylene glycol (PEG) surface attached to a 
flow chamber for custom built PRISM TIRF microscope. Quartz slides were 
thoroughly cleaned with peroxymonosulfuric acid. After drying, the slides were 
silanized (Aminosilane A0700; amchro Hattersheim) and afterward PEGylized 
according to Roy et al. (68). 

TIRF Immobilization Assay. For TIRF measurements, the surface was incubated 
with 0.1 mg/mL neutravidin in 0.5x TMNE for 10 min and washed with 0.5x 
TMNE. PICs and ECs were immobilized via the biotinylated DNAs, and free 
RNAPs were immobilized with the internal biotin (subunits Rpoll) on the 
quartz glass slide via neutravidin. The quartz glass slide was rinsed with a 
17-pM sample solution in 0.5x TMNE, and nonbound molecules were re¬ 
moved with 0.5x TMNE. This procedure yielded an immobilized RNAP den¬ 
sity of approximately one molecule per 4 pm 2 . Afterward, the flow chamber 
was flushed with 0.5x TMNE containing 2 mM Trolox, 1% (wt/wt) glucose, 
100 U/mL glucose oxidase, and 160 U/mL catalase (69). For experiments in¬ 
volving TFE or Spt4/5, high excess of these proteins was additionally added 
to the measuring buffer to ensure saturation of the RNAP with transcription 
factors during the measurement. 

Widefield Single-Molecule Detection and Analysis. All single-molecule FRET 
experiments were performed at room temperature (21 °C) on a homebuilt 
PRISM-TIRF setup based on an Olympus 1X71 using ALEX. For two-color ALEX 
experiments, a yellow laser (568 nm; Coherent Sapphire 100 mW) was used 
for excitation of the donor, and a red laser (639 nm; Toptica iBeam Smart 
150 mW) was used for direct excitation of the acceptor. Lasers were alter¬ 
nated in synchronization with the camera's frame rate of 10 Hz using a 
polychromatic acousto-optic modulator (Crystal Technology). The fluores¬ 
cence was collected by a 60x Olympus 1.20 NA water-immersion objective 
and split by wavelength with a dichroic mirror (640 DCXR; Chroma Tech¬ 
nology) into two detection channels that were further filtered with two 
band-pass filters (Semrock BrightLine 582/75 and Semrock Brightline 609/54) 
in the orange channel and one long-pass filter (647-nm Semrock RazorEdge) 
in the near infrared detection range. Both detection channels were recorded 
by one electron multiplying charge-coupled device (EMCDD) camera (Andor 
IXon x3, pregain 5.1, gain 250, frame rate 10 Hz) in a dual view con¬ 
figuration (TripleSplit; Cairn), and the acquired data were analyzed by 
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custom-made software based on LabVIEW 2012 64bit (National Instru¬ 
ments). The fluorescent molecule spots were selected by an automated spot 
finder, and the fluorescence intensities were background corrected by sub¬ 
tracting the surrounding-pixel intensity. For the calculation of the FRET ef¬ 
ficiency, the transients were corrected for leakage from the donor into the 
red detection channel (18%), the direct excitation of the acceptor by the 
568-nm laser excitation (11%), and the gamma correction y, which includes 
the fluorescence quantum yields of the fluorophores and the detection ef¬ 
ficiencies of the two channels. FRET pairs, which did not show acceptor 
bleaching, were discarded for the analysis, because these transients do not 
allow an individual determination of the y factor (70). The y factor was 
determined on acceptor bleaching as follows: 

_Ia~I'a 
7 I'd-Id' 

with l D and l A as the intensities of the donor and acceptor before and l' D and 
I'a as the intensities of the donor and acceptor after acceptor bleaching. The 
y factor was determined for each transient in a dataset, and overall y factor 
for each dataset was derived by a Gaussian fit to a cumulative histogram of 
the y factors (71). 

FRET efficiency histograms shown are accumulated data from at least 
three independent measurements. The resulting histograms were fitted ei¬ 
ther with a single or double Gaussian fit, and the mean FRET efficiency and SE 
were determined from the fit. For statistical analysis of the data, we used the 
Pearson y 2 test. 

From the FRET efficiencies, we calculated distances (r) using a Forster 
radius (/? 0 ) of 5.2 nm and the following equation: 



Please note that we focused on FRET efficiencies rather than absolute distances, as 
the Forster radius R 0 (e.g., the relative quantum yield of the fluorophores and k 2 ) 
might be slightly influenced due to a changed microenvironment of the dyes 
when the RNAP is part of the initiation or elongation complex. 
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